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3D full wave finite element method (FEM) based electromagnetic (EM) analysis is a 
technique to map EM fields generated by electrical devices. To better understand and apply 
this technique to magnetic resonance imaging (MRI) radio frequency (RF) birdcage 
resonators, a vast number of 3D full wave EM simulations are required for validation and 
optimization of the B1 field generated by them since they have to be tuned to a particular 
Larmor frequency. 
 
In the past RF birdcage resonators were constructed without doing any 3D full wave EM 
analysis and more emphasis was laid on tuning and matching the electrical circuits used to 
make these resonators. However modeling birdcage resonators in a 3D computer aided 
engineering (CAE) simulation environment is important to observe the resonance behavior 
and the B1 field distribution inside the birdcage resonator volume before its construction thus 
saving valuable resources. 
 
In this work we have attempted to map B1 field distribution inside the full and half birdcage 
resonators tuned to Larmor frequency for proton nuclei at 3 Tesla with the help of FEM. FEM 
essentially converts the problem of solving Maxwell’s partial differential equations into 
solving a large system of linear equations. In this work we make use of the ANSYS high 
frequency structure simulator (HFSS) which is an FEM based frequency domain solver. The 
results of the full birdcage resonator are further compared with experimental outcomes. The 
phantoms used for experiments and simulation are both symmetric and non-symmetric ones.  
 
It can be concluded that HFSS or similar FEM based EM simulator may be used to predict 
the B1 field inside loaded RF resonators to obtain information of  the B1 field behavior. It is 
observed that B1 field distribution inside the birdcage resonator varies with different types 
of phantoms used to mimic small animals for MRI. B1 field maps and resonance results from 
simulation and experiment are presented. Finally this thesis concludes with areas of 
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1.1 Basics of MRI and its origin 
Magnetic resonance imaging (MRI) is a medical imaging modality based on the nuclear 
magnetic resonance (NMR) phenomenon (NMR is defined as a physical phenomenon in which 
nuclei in a magnetic field absorb and emit electromagnetic radiation) that provides a means of 
obtaining detailed, high quality images for use by the medical community for diagnostic 
purposes. The difference between MRI and other imaging modalities like X-ray and Computed 
Tomography is that there is no ionizing radiation involved in MRI. MRI is a technique that 
depends on static and slowly changing magnetic fields and electromagnetic (EM) energy 
primarily in the high frequency through very-high-frequency bands to provide soft and hard 
tissue images with outstanding contrast that can be both static and dynamic in nature [1].  
The phenomenon of NMR was first discovered by Purcell [2] and Bloch [3] in 1946. In 1973, 
Lauterbur [4] and Mansfield [5] developed the techniques to generate MR images of a subject 
from NMR signals using a Fourier Transform. Ever since then MRI has evolved as a modality 
of choice for radiologists throughout the globe. This non-invasive diagnostic imaging modality 
has the ability to provide tomographic images with anatomical and functional information of a 
region of interest (ROI). ROI is defined as the area of anatomy being scanned which is of 
particular importance in the MR image inside the human body.  
1.2 Components of an MRI system 
The components of MRI system include the primary magnet, gradient coils, RF resonator (as 
shown in Figure 1.1 and the computing system [1]. The computing system is comprised of the 
electronic components like the pulse generators, amplifiers, an RF receiver and a digitizer. The 




primary magnet and is described by the relation (B0 = 0 H). This B0 field is originally the 
magnetic flux density [1] that needs to be varied from point to point in a controllable fashion, 
which is achieved by employing the gradient coils as illustrated in Figure 1.1. The gradient 
coils generate gradient fields which vary linearly in a prescribed direction. In addition, one 
must also have a B1 field (the radiofrequency EM field generated by birdcage resonator), 
which needs to be uniform to generate high quality MR images. Hence the RF resonator is an 
essential component in the MRI system to generate the B1 field.  
 
           Figure 1.1 Components of MRI System [1] 
1.3  RF resonators 
RF resonators are one of the key components in MRI [6]. They are needed for two primary 
functions. One of them is to generate B1 field in the transverse plane in the ROI. This B1 
field is perpendicular to B0 field and excites the nuclei (spins) in the object at the Larmor 
frequency  (the frequency at which magnetic resonance in a nucleus is excited). The concept 
of Larmor frequency is described in Section 2.1. The other need for RF resonators is to 




of a spinning body so as to trace out a cone) of nuclear spins. These two functions are called 
excitation (transmission) and reception respectively. 
 
RF resonators can be divided into three groups according to the needs they serve: transmit 
only, receive only and transmit/receive resonators. For the transmit RF resonators, it is 
desirable for them to generate a homogeneous B1 field in the volume of interest at the 
desired Larmor frequency. Providing good homogeneity along with low power consumption 
is highly preferable for the transmit resonators. Saddle resonators, TEM resonators and 
Birdcage resonators can be used as transmit resonators [8]. For the receive resonators, on 
the other hand, it is desired that they are able to receive signals with a high SNR, defined 
as the ratio between the amplitude of the received signal and background noise. Additionally, 
sensitivity, defined as ability of the resonator to pick up electrical signal, is required to be  
nearly uniform with respect to distance, inside the volume of the resonator [8].  
In addition to above requirements given for RF transmit and receive resonators, there are 
other important requirements for the RF resonators such as having a good filling factor 
(the fraction of the resonator volume filled with phantom), quadrature excitation and 
reception capability. In this  thesis, birdcage resonators, one of the most widely used RF 
resonator types in MRI and which have most of the requirements given above, are 
discussed in detail. 
1.4 Motivation 
To understand the EM field behavior inside the volume of birdcage resonators, numerous 2D 
and 3D full wave EM simulation studies have been conducted [7,8,9,10,11]. The main 
motivation is that with the help of these simulations it is possible to optimize the parameters 
of the birdcage resonator before construction, thus saving time and money. The parameters that 
can be optimized are geometry, permittivity, permeability and conductivities of materials. The 
solution frequency, input power, capacitance and inductance values can also be optimized. An 
example of geometry optimization is reduction in diameter size and/or length of the birdcage 
resonator which will directly have an impact on the costs related to copper strips and capacitors 




simulated and verified experimentally since it affects the MR image quality directly. Birdcage 
resonators are used for small animal MRI studies because the diameter of these resonators can 
be significantly reduced as per the size of the small animal. This means that the birdcage 
resonators can be constructed in such a way that the small animal fills most of the volume 
inside the birdcage resonator in order to exchange maximum electrical signal, as signal 
intensity will significantly reduce with an increase in distance [12]. Birdcage resonators also 
deliver sufficient B1 field homogeneity up to 14.1 Tesla for small animal experiments [12]. 
1.5 Objectives of this work 
• Understand the working of the RF birdcage resonator and develop EM simulation 
models in Ansys HFSS [13]. (HFSS is a commercial finite element method 
(FEM) solver for electromagnetic structures from Ansys and FEM is a type of 
numerical method employed to map EM fields generated by any electrical device). 
• Perform tuning of end ring capacitors for high pass birdcage resonator to achieve the 
desired resonance in Ansys HFSS. 
• Understand the working of FEM as applied to EM simulation studies specifically for 
birdcage resonators. 
• Extract and analyze the B1 field results inside a birdcage and a half birdcage resonator 
from HFSS EM simulations. 
• Validate the B1 field simulation results with experimental outcomes for full birdcage 
resonator. 
• Accelerate the birdcage and half birdcage resonator construction procedure by 
simultaneously improving their performance and reducing the prototyping costs 
associated with them using HFSS simulations. 
1.6 Organization of this thesis 
Chapter 2 presents the details relating to NMR physics, MRI concepts, review of relevant 




birdcage resonators using lumped elements, practical considerations for designing a birdcage 
resonator and capacitance calculation along with the theory of FEM. Chapter 3 presents the 
design procedure of the full birdcage resonator in HFSS and mainly deals with the simulation 
and experimental results. Chapter 4 presents the design procedure of half birdcage resonator 
in HFSS and its simulation results. Last chapter mentions the conclusions and directs the future 


















Background and Literature review 
2.1 Nuclear Magnetic Resonance Imaging 
Quantum mechanics reveals the existence of a property of atomic nuclei known as spin angular 
momentum which is defined as an intrinsic form of angular momentum carried by elementary 
particles, composite particles and atomic nuclei [7,14]. Spin angular momentum is the basis of 
the magnetic resonance phenomenon and hence MRI. MRI utilizes variations in the spin 
angular momentum of certain atomic nuclei that constitute biological structures to derive 
images that contain valuable information concerning the condition of the associated tissue. The 
variations in spin angular momentum result from interactions with an applied static magnetic 
field and EM radiation. The following explanation, equations and derivation are based on 
[7,14]. From a classical mechanics point of view, spin angular momentum can be thought of 
as originating from the motion of elementary charged particles that make up the nucleus of the 
atoms as they spin around their axis. Positive and negative charged particles can be regarded 
as spheres of distributed positive or negative charge, while neutral electrical particles such as 
the neutron can be thought of as a combination of distributed positive and negative charges. 
Since the particles that constitute the atom have mass, their rotation generates angular 
momentum. Moreover the motion of the distributed charge circulating around the axis of the 
particle will generate a small magnetic field. This magnetic field is called the magnetic 
moment. There exists a relationship between the angular momentum and the magnetic moment 
of the nucleus (a single proton). This relationship is given by: 
μz = J                                                                (2.1) 
 
where μz = z-component of magnetic moment in 𝐴. m2, J = angular momentum in  Kg. m2/𝑠 
and is gyromagnetic ratio (a characteristic constant of the given nucleus) in Hz/T. The 
magnetic moment is a property of the given nucleus and it determines the sensitivity of MRI. 
Hydrogen nuclei, containing a single proton, possess the largest magnetic moment, which 




MRI. Consider the case of a single hydrogen nucleus in the presence of an applied static 
magnetic field, because of the interaction between the magnetic moment of the nucleus and the 
applied magnetic field, the nucleus will align itself with the applied field in one of two possible 
states: either with the field (the more probable low energy state also known as the parallel or 
spin up state) or against the field (the anti-parallel or spin down) state. This is shown in Figure 
2.1. The energy difference between the two states is directly proportional to the strength of the 
applied magnetic field and is given by: 
 E = 2μz 0B                                                                (2.2) 
Where μz = z-component of the magnetic moment and 0B  = magnetic flux density of the 
applied static field. When the object to be imaged is placed in a static magnetic field H (or in 
terms of magnetic flux, 0B H ; where 0B  is usually called the ‘primary magnetic field’ in 
MRI language) a torque is experienced by magnetic moment which facilitates precession [1]. 
The application of an RF pulse with sufficient power (with a magnetic flux component) is 
called ‘ 1B ’ or called the ‘ 1B  field’.  
 
 
Figure 2.1: Orientation of a proton under the influence of a static magnetic field [8] 
 
It is observed that μz does not align completely but with an angle, termed as Flip angle. This 
is shown in Figure 2.2. Nuclei can change from one state to another by absorbing or emitting 
photons with energy equal to the energy difference. From quantum theory, the frequency of 




 E = h f                                                                  (2.3) 
 
where h is Planck’s constant. By substituting Equation (2.3) in (2.2), the frequency ‘f’ of the 





                                                                (2.4) 
 
Hence, for a given nucleus, the frequency is directly proportional to the flux density of the 
applied field. The effect of the applied field 0B is the formation of a net magnetic moment 
along the z-axis and the precession of the nucleus about the z-axis. Larmor frequency is equal 
to the frequency of the emitted or absorbed photons as calculated in Equation (2.4). This 




                                                               (2.5) 
  
Figure 2.2: Precession of a proton about the axis of  applied magnetic field [8] 
 
The excitation and detection of an NMR signal is facilitated by the establishment of a 
resonance condition. The resonance condition represents a state of alternating absorption and 
dissipation of energy. Energy absorption is achieved through the application of RF pulses, 
while energy dissipation is caused by relaxation processes; both transverse and longitudinal 
relaxation. Consider the application of RF radiation at the Larmor frequency to a bulk sample 
of non-magnetic material in an applied static magnetic field. This is depicted in Figure 2.3. 
The applied RF signal is composed of coupled electric and magnetic field components. In 




frequency. Upon application of the RF pulse, the net magnetization M starts to rotate about the 
axis of 𝐵1, since 𝐵1 and M are rotating about 𝐵0 at the Larmor frequency, they appear stationary 
relative to each other. This is also depicted in Figure 2.3. The purpose of the application of 𝐵1 
field is to rotate M by a certain angle away from the 𝐵0 axis. It is expected for a birdcage 
resonator to exhibit uniform 1B  field inside it’s volume. The percentage 𝐵1 field homogeneity 
is defined using the following formula and its applicable results for this work are presented in 
Chapter 3.  
Percentage 1B  field homogeneity = 1
1





Average normalized B field Standard deviation








2.1.1 Slice selection 
    
                                                                        Figure 2.4 Slice selection 
MRI is a technique that generates cross sectional images of human anatomy in a certain ROI 
and a fixed plane. This particular image in a certain plane is termed as a slice. So the first step 
to do an MRI, is to decide this particular slice to be imaged. It is known  from [14] that Larmor 
frequency is proportional to the strength of magnetic field and the nuclei in a particular slice 
are excited by a specific Larmor frequency. Hence there arises a need to excite the nuclei, 
limited to only the slice of interest simultaneously keeping all other nuclei out of excitation, 
that is achieved with the help of gradient coils, which generate the gradient magnetic field. 
This gradient magnetic field along with the primary magnetic field 𝐵0 in a specific combination 
make it possible to select the slice of interest, thus making way for an MR image. 
2.1.2 Spatial encoding 
Once the slice has been selectively excited after the application of RF pulse or B1 field, it is 
essential to identify from where within a particular slice each component of the signal is 
coming from [14]. Hence to generate an MR image the information needed is to know the 
amount of signal coming from each voxel which is termed as spatial encoding and is composed 
of frequency and phase encoding. The next thing is to know the procedure to get information 
about single voxels within the selected slice. The slice is selected using a selective RF pulse 
(generally 900 pulse) and then switching on the slice select gradient during the application of 
this pulse and then switching it off after application of this pulse. After this MRI scanner will 




during application of this pulse. To obtain spatial information in the x-direction another 
gradient is applied termed as the frequency encoding gradient. In addition to this to obtain 
spatial information in y-direction one more gradient is applied which is termed as the phase 
encoding gradient. Hence it can be said that x-coordinate is a function of  unique frequency 
and y-coordinate  is a function of unique phase. 
                                                                                         
Figure 2.5 (a) Phase encoding in y direction and (b) frequency encoding in x direction  
2.1.3 K-Space and image reconstruction 
 
K - space                                                                         MR – image 
 
Figure 2.6 Illustration of reconstruction of an MR image from K – space  
In basic terms K-space is a matrix containing the raw data of an MR image. The raw data is a 
matrix of sampled MR signals and by applying a 2D Fourier transform on this data a final MR 
image can be reconstructed [14]. The type of Fourier transform is generally a discrete or a fast 




acquired in real-time. Therefore, each point on the K-space includes information related to 
frequency encoding, phase encoding and signal intensity data. This signal intensity along the 
x-axis is controlled by frequency encoding gradient while on the y-axis is controlled by the 
phase encoding gradient. To summarize it can be said that the K-space stores digitized data 
signals during raw data acquisition, these digitized signals are then sent to an image processor 
where the Fourier transform is applied to the digitized signals to obtain the final MR image. 
2.2 Types of RF resonators 
2.2.1 Surface resonators: In practical design of a surface resonator, capacitors in a surface 
resonator are usually distributed around the circumference of the resonator to improve the 
current distribution and reduce radiation and electric losses. Despite a high SNR, surface 
resonators are usually limited in providing a large FOV (field of view), especially in clinical 
imaging scans. This is because the sensitivity of a surface resonator decreases along with the 
increment of its size. A typical surface resonator designed and constructed by Ms. Kaci Carter 
at TBRRI (Thunder bay regional research institute) is shown in Figure 2.7 (a). In order to 
overcome this problem, one can use multiple small-size surface resonator elements to form a 
large resonator array, and provide a large FOV without any cost of SNR [7,15] which are 
termed as phased array resonators. 
2.2.2 Birdcage resonators: They possess a cylindrical geometry as shown in Figure 2.7 (b) 
and are capable of generating a homogeneous magnetic field inside its volume due to their 
cylindrical shape. They have better B1 field homogeneity as compared to surface and phased 
array resonators but lack a good SNR. The birdcage resonator requires tuning due to 
differences in dielectric and conductive loading that will occur when phantoms are placed 
inside the birdcage resonator [7,14]. The birdcage resonator used in this work is shown in 




        
              (a)                                           (b) 
                                               Figure 2.7: ( a) Surface resonators (b) Birdcage resonator  
2.3 Basic theory of birdcage resonators 
The concept of RF birdcage resonator was introduced by C.E.Hayes et al. in 1985 [7]. Since 
then birdcage resonators have been widely used in MRI because they can generate a 
homogeneous RF magnetic field in the volume of interest. Birdcage resonators consist of two 
circular conductive loops referred to as end rings, N conductive straight elements referred to 
as rungs (or legs) as shown in Figure 2.8 and lumped capacitors on the rungs or end rings or 
both. According to the location of these capacitors on the resonator geometry, there are three 
types of birdcage resonators: low-pass, high-pass and band-pass birdcage resonators [8]. They 
are illustrated in Figure below:  
 
                                (a)                                        (b)                                      (c) 
     Figure 2.8: Illustration of birdcage resonator equivalent circuits a) High-pass b) Low-pass c) Band-pass [8] 
A birdcage resonator with N number of legs and equal valued capacitors has N/2 distinct 
resonant modes [8] in which the first mode, is highest frequency resonant mode for high-pass 




generate a homogeneous field in the N-leg birdcage resonator at Larmor frequency, currents in 
the rungs must be proportional to sinθ (or cosθ), where θ values can be expressed as 
360 i
N
             Where i = 1, 2… N is the rung number in consideration                          (2.7) 
Producing a co-sinusoidal current distribution in the rungs as well as the desired 
homogeneous B1 field at the operating frequency is achieved by using the correct 
capacitance value for the capacitors placed on the end rings. Therefore, finding the 
necessary capacitance value for the birdcage resonator to resonate at the desired frequency 
is the starting point of designing a birdcage resonator. Additionally, it is also important 
to know the complete resonance frequency spectrum of a birdcage resonator that helps 
the resonator designers to be sure that working mode is far away from the other modes 
and so that tuning the resonator can be done without interfering with the other modes 
[8]. Also before the actual construction of the resonator, modeling the resonator in a 3D 
CAE simulation environment and making EM analysis in the ROI have importance in 
terms of observing the B1 field distribution inside the birdcage resonator. These B1 field 
analyses are used to generate simulated B1 field data inside the resonator that can be 
compared with the experimental data, as done in Chapter 3. 
A birdcage resonator is expected to generate a uniform magnetic field inside its volume over 
ROI. An ideal cosine current distribution on a cylindrical surface generates a homogeneous 
magnetic field within the birdcage resonator. The current distribution for a birdcage resonator 
is given by the expression: 
0 cos( / )nI I mn N                                                                                            (2.8) 
Where nI  the current is in a particular rung, n is the rung number, m is the mode and N is the 
total number of rungs. m = 1 mode is the preferred mode in MRI for high pass designs [7]. 
An illustrative current distribution graph for an 8 rung high pass birdcage resonator is shown 




                       
 
      Figure 2.9 Illustrative cosine currents distribution for 8-rungs high pass birdcage resonator [15] 
2.4 Analysis of birdcage resonator using lumped elements  
A birdcage coil can be considered as a circular network of identical filter elements [15], each 
of which is connected to another and the last one is connected to the first one to form a circular 
network. A typical high-pass birdcage resonator and its filter element is shown in Figure 2.10 
(a) and its matrix diagram is shown in Figure 2.10 (b). 
                      
      
 (a)                                                                                                  (b)  
Figure 2.10 Illustrative schematic of a high-pass birdcage resonator filter element (a), and matrix diagram of a high-





There are many numerical ways to analyze the behavior of a birdcage coil. A method using 
ABCD matrix is very useful and effective in calculating the resonance mode of a birdcage coil 
[15]. Considering the filter cell as a network, the total impedance of the end-ring segment 
consisting of the segment inductance and the capacitance of the end-ring capacitor (since the 
resonator is a high-pass design) is Z1, and the total impedance of the rung consisting of its 
inductance (and the capacitance of the rung capacitor if in a low-pass mode) is Z2, respectively, 
as shown in Figure 2.8 (a). A birdcage resonator of 2N rungs can be then described as a circular 
ladder network made of 2N elementary networks, shown in Figure 2.8 (b). 
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Note that the input and output of the network are connected together. For a birdcage of 2N 
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                                                 (2.11) 
 
Given the fact that the last filter element is connected to the first one, the input ( 0 0v i ) equals to 
the output ( 2 1 2 1,n nv i  ) therefore 
2NA I                                                                     (2.12) 
 
Where I represents identity matrix and 2N is total number of rungs. Let [ ] be the diagonal 
matrix of the eigenvalues of A and U the eigenvector matrix 
1[ ]A U U                                                             (2.13) 
 
Equation (2.12) can then be replaced by  





Hence the two eigenvalues of A must satisfy 
 
    2 21 2 1
N N                                                               (2.15) 
 
Therefore the eigenvalues of matrix A can be obtained from, 
 
det( [ ]) 0A                                                                    (2.16) 
 
From the above equations, we can obtain the relationship of birdcage resonator resonance 
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where k is an integer between 0 and N. Equation (2.18) implies that there are k resonant modes 
in a birdcage coil for the given end-ring segment and rung impedances, which are determined 
by the coil geometry and tuning capacitors. In this work k = 1 mode is considered which is the 
mode of interest in MRI for achieving a homogeneous B1 field inside the volume of birdcage 
resonator and value of N = 4 should be considered for calculation purposes. 
2.5 A high pass resonator design example  
This section presents a design example of a 8 rung high pass birdcage resonator where the rung 
length is 7.3 cm and the length of each section of end ring is 2.5 cm, while the width of the 
rung and each section of end ring is 0.65 cm. These dimensions are the same to that of the 
resonator used for this work. The formula for estimating the self-inductance L in H  for the 








                                                               (2.18) 
Where l and w are the length and width (in cm) respectively of the copper strip [8]. For a high 
pass design from Figure 2.10 and considering the virtual ground, 
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2 2Z j L                                                                           (2.20) 
Where 1L is the self-inductance of each section of end ring and 2L is half the self-inductance of 
the rung and C is the capacitance of each end ring capacitor. Using equation (2.18) actual 
values of 1L  and 2L  are calculated to be 12.8nH and 26.35 nH respectively. From Equation 
(2.17) let 𝑍1
𝑍2
= 𝑎, to calculate this value it is required to set k = 1, in Equation (2.17). From 
Equations (2.19) and (2.20) the Equation for C is derived as, 








                                                                 (2.21) 
So by using Equation (2.21) the calculated capacitance of each end ring capacitor is 55 pF. 
This value is used in Section 2.6 to perform circuit simulations. As advised in [15] the value 
of effective inductance should be used for a better accuracy instead of self- inductances, the 
effective inductance values for end ring and the rung were calculated using the Birdcage 
Builder software equation based calculations are  complicated in this case. The Birdcage 
Builder (www.pennstatehershey.org/web/nmrlab/resources/software/javabirdcage/circular) 
calculations are shown in Figures 2.11 (a),(b) and (c). The effective inductance values for 1L  
and 2L  are calculated to be 16.3nH and 28.03nH respectively. 
Using these values in Equation (2.21) the calculated capacitance of each end ring capacitor is 
47.4 pF.  It should be noted that this is a theoretical  example and hence for practical purposes 
the tuning capacitor value has to be iteratively determined [15] by loading the resonator with 
a suitable phantom like saline and testing the resonance on a vector network analyzer (VNA). 
This task of tuning the resonator to the desired Larmor frequency of 127.74 MHz was already 
performed by Mr. Chris Abraham ( at TBRRI) who designed and constructed the resonator 
used in this work for small animal MRI. For practical purposes the tuning capacitor value was 









Table 2.1 : Details of capacitance calculation for 8 rung high pass birdcage 
Method used to calculate capacitance value Capacitance 
value (pF) 
Equation (2.21)  55 pF 
 Effective inductance from birdcage builder  and 
substituting the same in Equation (2.21) 
47.4 pF 
Practical tuning with saline phantom 43 pF 
 
 













Figure 2.11(c) Inductance calculation using Birdcage Builder 
2.6 Circuit simulations 
The purpose of this Section is to identify the significant difference in input impedance 
characteristics for the two different configurations of the input port. Figure 2.12 shows QUCS 
(Quite Universal Circuit Simulator) designed schematic of the high pass resonator for the port 
connected between two rungs and its corresponding simulation result is shown in Figure 2.13. 
A schematic of the resonator with another configuration, where the port is assumed to be 
connected on one of the rungs [15] is shown in Figure 2.14 and its corresponding result is 
shown in Figure 2.15. It should be noted that the inductance of the rung is L3 which is twice that  
of L2 as the complete rung is considered in circuit simulations. The resistance of copper strip 




(http://www.eeweb.com/toolbox/trace-resistance) to be 0.00107 ohms and 0.00312 ohms 
respectively.  However the actual resistance on the rung and each section of the resonator may 
be quite different considering the skin depth and non-uniform current distribution on the 
surface of copper strips [15].   
 

















Figure 2.14 Schematic of a high-pass birdcage resonator designed in QUCS for port on a rung 
 
Figure 2.15  Input impedance as a function of frequency for port on rung 
2.7 Review of previous studies 
Although construction of birdcage resonators are based on the iterative procedures (tuning 
and matching), there are several techniques proposed in designing and simulating a 
birdcage resonator in the literature. Note that, we mean computing the necessary 
capacitance value and modeling the structure of a birdcage resonator in HFSS by saying 
‘designing a birdcage resonator’ and we mean solving for the B1 field distribution inside 
the birdcage resonator by saying ‘simulating a birdcage resonator’. The method for 
capacitance calculation using [16] has some limitations. First, coupling between opposite 
end rings is not considered. Therefore, accuracy of the calculated capacitance will decrease 




segments but in practice this is not the case. Finally, self-inductance and capacitance 
calculations are made under the quasi-static assumptions. As a consequence of this assumption, 
error will increase when the desired resonance frequency increases to a point at which the 
wavelengths are comparable with the resonator dimensions. This assumption is also used in 
other studies like the low pass and band pass type of birdcage resonators that use lumped circuit 
element model in order to analyze the birdcage resonator [16]. Even if the quasi-static 
assumptions seem to have some limitations they are very much valid for this work, because 
they satisfy an important criteria [17] which is used for determining whether a conducting strip 
can be modeled as lumped circuit element or not, and is given as 
Length of conductor <
20
  
where λ is the signal wavelength. For more precise tuning of the end ring capacitors and to 
solve for B1 field distributions inside the resonator volume a full wave 3D EM software can 
be used. The software package used for this work is HFSS (ANSYS, PA, USA). Using this 
software package, loaded or unloaded birdcage resonators can be modeled and electromagnetic 
field calculations inside the resonators can be made [12]. In 1999 J.Jin analyzed B1 field inside 
birdcage resonator using FEM [8]. Recently Collins et al [18]  has shown B1 field mapping 
for human phantoms using 3D EM modeling. Some other studies using full birdcage resonators 
are [19,20] while those relating to half birdcage resonators are [21,22,23]. It is expected that 
the half birdcage resonator described in Chapter 4 exhibits a co-sinusoidal current distribution 
similar to the full birdcage which in turn produces a homogeneous B1 field inside its volume 
[21]. Literature is also available on B1 mapping for MRI scanners (embedded code) [24] which 
is employed in this work to deal with big peaks in B1 maps caused due to susceptibility issues 
[24], discontinuities introduced by solder imperfections that further complicate the  
comparison between HFSS and MRI generated B1 maps. The method employed to deal with 
these issues is presented in Section  3.4. 
2.8 Practical considerations 
Practical considerations include typical input power fed to the resonator and peak voltages in 




power values for birdcage resonators could range anywhere between 50 to 350 W for small 
animal imaging experiments depending upon the capacitor values and geometric dimensions 
of the resonator in order to generate a sufficient B1 field for obtaining an high contrast image. 
The peak voltage for a capacitor on the 8 rung high pass resonator is approximately estimated 
to be around 235 V [15]. This value obtained from QUCS is 221 V as shown in Figure 2.16. 
In practice while ordering the capacitors for constructing the birdcage resonators high voltage 
values are considered usually up to 500 V so that they are capable to withstand equivalent RF 
power inputs. Although the peak voltage value may not be exactly the same in all the capacitors 
but will be more or less uniform due to the resonance phenomenon. 
 
Figure 2.16  Peak voltage across capacitor obtained from QUCS for circuit shown in Figure 2.12 
 
In order to assure maximum power dissipation to the load and minimize the reflection, the 
impedance of the load should be maintained the same as that of the transmission line (generally 
50 Ω). Another important and allied practical consideration is the RF heating of the resonator. 
It is observed during experimentation that the resonator used in this work is able to withstand 
the input power of 70 W, as no acrylic melting was seen on the resonator surface while 
performing MRI experiments which suggests that conductor heating is not an issue for the 
resonator. In general 60 oC  is considered as the maximum operating temperature inside the 
complete volume of the resonator around the rings and rungs in small animal MRI since they 
are the only conductive parts of the resonator. Although RF heating is not the main objective 
of this work but a temperature profile of the resonator was plotted in HFSS and its result is 
presented in Appendix A.2. The input impedance of a birdcage resonator is a function of  the 
dimensions of the copper strips and the overall impedance of the resonator (which is a function 
of the overall construction of resonator including the capacitance values). The length and width 
of the copper strips can be optimized using HFSS in order to match the input impedance of the 




that may be used to optimize the input impedance of resonator to 50 ohms when exact 
specifications of the resonator are not available is, Space-Mapping Optimization With 
Adaptive Surrogate Model  [25]. One of the limitations of this technique is that, it may not be 
possible to define the surrogate model with losses. To use this technique it is necessary to at 
least have an approximate model of the resonator along with the equivalent circuit model of 
the resonator. After this the length, width and thickness of the copper strips can be iterated 
using this technique to optimize the input impedance of resonator to 50 ohms. The conductivity 
values of the phantom materials also play an important role in determining the input impedance 
of loaded birdcage resonators at a particular frequency of operation. 
It might be useful in some practical situations to compare the B1 field distributions of the half 
birdcage resonator to that of the full birdcage resonator. This will be a useful comparison where 
full birdcage geometries have a positional constraint, For example, MR guided HIFU (High 
intensity focused ultrasound) where the transducer is placed underneath the HIFU platform or 
MRI of adult human shoulder. It should be noted that the theory mentioned in [21] allows the 
possibility of positioning two half birdcage resonators in such a way that resulting B1 field 
distribution is identical to that of a full birdcage resonator of the same size. This suggests that 
a full birdcage resonator can be bisected into two half birdcage resonators provided the axis of 
cylindrical symmetry is correctly determined. 
2.9 The finite element method (FEM) 
FEM is a numerical method for obtaining solutions to practical problems of engineering 
electromagnetics. It was first proposed in 1940s by Courant [26] to solve problems in vibration 
engineering. Thereafter this method was developed and applied extensively to problems of 
elasticity, structural engineering, computational fluid dynamics and computational 
electromagnetics. The first paper on the application of  FEM to EM problems appeared in 1968 
by S.Ahmed [27] and since then FEM has been widely employed by workers to seek solutions 
for EM fields of advanced electrical engineering devices like antennas, micro strips, 
microwave devices, RF resonators etc. FEM is one of the most widely used method to solve 




structure using FEM is the most critical one. FEM predicts EM fields by discretizing the entire 
structure with the help of various standard geometric shapes like triangles, squares, rectangles 
in 2D and tetrahedrons and cubes in 3D, out of which the triangles and tetrahedrons are most 
commonly employed because they conform to complex geometries easily [28], as shown 
below. The collection of these triangles and tetrahedrons is called the ‘FEM mesh’ and it is 
illustrated in Figure 2.17. 
 
Figure 2.17: Illustration of an initial triangular mesh in cross section of 8 rung high pass birdcage resonator 
generated in HFSS 
2.9.1 Notations for fields and phasors 
The MKS system of units is used throughout this thesis. The script quantities represent time-
varying vector fields and are real functions of spatial coordinates x, y, z, and the time variable 
t. These quantities are defined as follows: 
E  is the electric field, in volts per meter (V/m).  
H is the magnetic field, in amperes per meter (A/m). 
J  is the electric current density, in amperes per meter squared ( 2A / m ). 
B  is the magnetic flux density, in Tesla (T). 
As recommended by the IEEE Standard Definitions of Terms for Radio Wave Propagation, 
IEEE Standard 211-1997, the terms electric field and magnetic field are used in place of the 




2.9.2 Theory of FEM method 
FEM solves for electric fields using the Helmholtz equation, which is given as   




                                                 (2.22) 
Where ⍵ is the frequency at which EM field solution is obtained in rad/s,  is the permeability 
of the material in H/m and   is the permittivity of the material in F/m. Equation (2.22) can 
be derived  from Maxwell’s equation which is, 
 E j B                                                              (2.23) 




                                                              (2.24) 
Multiplying both sides of Equation (2.22) by a basis function iW , 
(( ( ))1. .(  ) )i iW E j E W Jj


                                (2.25) 
The basis function inside a tetrahedron (finite element for 3D case) can be defined on each 
edge in [29].                                                           
After applying the basis function, the FEM weak form (The form obtained by integrating any 
FEM equation is called its weak form [29] ) is, 
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then using the curl of curl identity, 
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the electric field for a given finite element (for example, a tetrahedron) is expanded using basis 
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E E W                                                          (2.28) 
Where, iE  are unknown coefficients. 
Equation (2.28) is substituted into Equation (2.27) and the resulting equation is solved 
analytically. The result is a linear system of equations for each tetrahedron. The matrix for this 
linear system is called a local matrix. Now to account for all the tetrahedrons a global matrix 
is required [26] which contains the contribution of all the local matrices. FEM solves this global 
linear system to find the unknown iE  coefficients for all tetrahedrons. 
2.9.3 Merits of FEM  
1. It is one of the suitable numerical methods to solve Maxwell’s equations [30,31] which form 
the basis of electromagnetics because FEM is specifically suitable to seek solutions of partial 
differential equations (PDE’s) and Maxwell’s equations are a set of PDE’s. 
2. It has the capability to calculate near EM fields inside closed structures [30,31]. 
3. It has the capability to handle extremely fine mesh including any unstructured mesh, 
meaning that the variation in the input power to any electrical device can be more finely 
represented [30,31] and therefore the field calculation by spatial differentiation of the particular 
input power can be more accurately performed. 
4. It can solve simultaneously for EM fields, resonance modes and current distributions 
[30,31]. 
5. FEM simulations solve 3D full wave Maxwell’s equations and hence there is very little room 
for any assumptions except the fact that the radiation boundary walls need to be truncated 
which is one of the boundary condition that assumes that EM waves vanish after traveling a 
certain distance  [30,31]. 
6. FEM possess minimum discretization error as compared to other methods like finite 
difference method (FDM), which is also a numerical method used to compute EM fields [28] 






                (a) Arbitrary object                                               (b) FDM mesh                              (c) FEM mesh 
Figure 2.18: Comparison of FDM and FEM mesh  
 
2.9.4 Limitations of FEM 
1. Highly complex implementation specifically for non-symmetric 3D structures. This is 
because symmetric structures can be modeled with 2D approximations and their EM field 
results can be applied in 3D space, but this is not the case for non-symmetric 3D structures as 
2D approximations are no longer valid. 
2.  Steep learning curve as compared to RF circuit simulators because user very often needs to 
heal structures to make them eligible for 3D full wave EM simulations while using commercial 
FEM solvers like HFSS [28]. Healing is the process in CAE modeling that repairs overlapping 
surfaces and volumes by introducing an infinitesimal gap in between them [28]. 
3. Very fine concentration of elements is required in areas where the potentials, currents vary 
and hence the EM fields change abruptly. Mapping of such EM fields require above average 
computing resources which are expensive [30,31]. 
4. Overlapping of surfaces and volumes is not permitted, which is not the case in practical 






EM simulation and validation of birdcage resonator 
3.1 Introduction 
This chapter deals with full wave EM simulations of the birdcage resonator performed in 
HFSS. In Section 3.2 of this chapter, these models are explained with respect to finite element 
modeling: geometry, material properties assignment, excitations and boundary conditions 
which are major requirements to set up the resonator model in HFSS, commonly known as 
computer aided engineering (CAE) analysis. Next, the EM frequency domain analyses that 
were undertaken using the FEM models of high-pass birdcage resonators developed in HFSS 
are discussed in subsequent sections; these sections provide the details about the three different 
case studies performed in this work. Further the EM simulations were compared with the MRI 
scans performed at TBRRI on a Philips Achieva 3T MRI scanner. 
The 8 rung birdcage resonator was built by using copper tapes sticking to the surface of a 
machined acrylic tube. Dimensions of the coil were carefully designed for an optimized filling 
factor and its suitability for small animal MRI experiments. The dimensions of the resonator 
are as mentioned in Table 3.1. Eight gaps were made on each end-ring to accommodate all 16 
capacitors, to design a high-pass structure. 
3.2 Design of high pass birdcage resonator in 3D CAE environment 
In this section, high-pass birdcage resonator (structure) developed in HFSS is discussed, as 
shown in Figure 3.1, while Figure 3.2 shows the photograph of the birdcage resonator used for 
MRI. We first start with the geometry of the structure. The procedure of modeling the high 
pass birdcage resonator in HFSS is analogous to the procedure followed to practically build 
the high pass birdcage resonator. The starting point was the grid set up in HFSS workspace, 
and next was the design of two concentric cylinders of required resonator dimensions in HFSS 
which will form the acrylic plastic former. After that, it was required to break either the top or 
bottom surface of these cylinders into N equal arcs, where N is the number of rungs of the high 




rung numbers. The geometric details of the resonator are presented in Table 3.1. Eight gaps 
were made on each end-ring to accommodate all 16 capacitors, forming a high-pass structure. 
Then the end rings were constructed in such a way so as to accommodate the equal valued 
capacitors on the top and bottom end rings of the resonator as shown in Figure 3.1. In this work 
N = 8, meaning this work deals with a high pass birdcage resonator with 8 rungs.  
Table 3.1:  Geometric details of 8 – rung high pass birdcage resonator 
 
     






























Figure 3.2: The 8 rung high pass birdcage resonator used for MRI (also showing a construction defect) 
3.3 Simulation set up of high pass birdcage resonator in 3D CAE environment 
Inductance, capacitance and electric conductor (copper) boundary conditions were added to 
the resonator model in HFSS to facilitate the inclusion of their effects in the simulation results. 
A radiation boundary (box) condition is also added to the HFSS simulation. An RF power of 
70 W was fed to the resonator in order to perform an MRI scan; hence, the same was maintained 
in HFSS simulations as the input power value. The reference B1 was normalized to a value of 
1 for experiments and simulations. To specify where on the surface of the resonator inductance 
and capacitance boundary conditions should be added, the current and voltage had to be 
controlled and  a definition of the current flow line was necessary [30]. In HFSS the selection 
field for the current flow line initially appeared as undefined, so the user  must manually draw 
the current flow line on the capacitance boundary surface. After this the material properties 
were assigned to the resonator parts and the details of the same are presented in Table 3.2. It 
should be noted that B1 fields were mapped only inside a 5mm thick slice at the center of 






Table 3.2: Material details of the 8 – rung high pass birdcage resonator 








Acrylic tube 3.4 1 0 
Rings & Rungs Copper tape 1 1 5.8e7 
 
The next step in setting up the simulation was to define the excitations. Excitations are sources 
of EM fields in any RF device. In this work there was only a single port excitation associated 
with the resonator, which meant the resonator was linearly excited. In this work the lumped 
port excitation in HFSS was used to excite the resonator linearly. Lumped ports support single 
mode excitations especially when S-parameters have to be extracted for any RF device from 
HFSS. It should be noted that the single port excitation for all HFSS simulations mentioned in 
this thesis were connected to rung number zero as shown in Figures 3.5, 3.10 and 3.15 meaning 
the first rung, as mentioned in [15] to generate a homogeneous B1 field. This corresponds to 
Figure 2.14 for circuit simulations. But this is different in the physical resonator, where the 
port is connected in between two rungs. Thus the simulated input impedance is not expected 
to agree with the measurements, but the resonance frequency should be the same as it was 
shown in Section 2.6. After this step, the solution set up was defined in HFSS. This was the 
step where the Larmor frequency was introduced to the simulation. The Larmor frequency in 
consideration was 127.74 MHz, which is the frequency at which B1 field distribution was 
being queried inside the volume of birdcage resonator. Further, a frequency sweep was defined 
in HFSS to validate the resonance of the birdcage resonator. The next step was solving the 
resonator design to seek EM field solutions using FEM. The time required to solve any 
structure to seek EM field solutions using HFSS depends on geometric complexity, the solution 
frequency (in this work the Larmor frequency) and available computing resources. The 
simulations were performed on a computer with Intel core i3 processor with 8GB RAM and a 
64 bit operating system. In general, the complete simulation methodology employed by HFSS 





Figure 3.3: Simulation methodology implemented by Ansys – HFSS 
3.4 Calculation of scaling factor  
MRI employs image processing [1] that scales the measured B1 field values using an unknown 
factor; hence, there arises a need to estimate this factor to make the measured and simulated 
B1 field values comparable. The scaling factor was estimated by selecting a 5 X 5 pixel square 
at the center of the B1 maps from MRI and HFSS and calculating the average of all values in 
each square . The ratio between these two averages was used as an estimation of the scaling 
factor. 
3.5 Mineral oil phantom  
3.5.1 Methods for MRI acquisition and MR image processing  
In this first case study the MRI B1 map was acquired using a mineral oil phantom. The reason 
to use mineral oil phantom is that mineral oil has a short T1 which helped to provide quick, 
detailed and high contrast MR images. T1 is defined as the measure of the time taken for 
spinning nuclei to re-align with the equilibrium state or longitudinal axis [14]; it is also called 
longitudinal relaxation time. Another reason to use mineral oil is that it has dielectric properties 
similar to fat [14]. Hence the use of mineral oil is a test of resonator similar to a real life 
scenario. For MRI the mineral oil phantom (452213195310, 3.0T, Philips Healthcare 
Netherlands) was used, whose details are mentioned in Table 3.3 and the phantom is as shown 




phantom was placed inside the resonator as shown in Figure 3.5 to simulate a small animal 
MRI scan. It should be noted that there was an air gap left in between the mineral oil phantom 
and the birdcage resonator as shown in Figure 3.5. The maximum air gap in this case was 4 
mm. The method used to generate B1 field maps from MRI is called the Dual Angle Method 
(DAM). With this method, two RF pulses were automatically applied to excite the 
magnetization to the required two flip angles [34].  After the MRI was performed, the raw data 
of images were imported and processed in MATLAB (The Mathworks, Natick, USA), using 
its inbuilt dicom function. The method used here was B1 mapping with embedded code [24] 
along with the technique presented in Section 3.4. 
 
Figure 3.4 :Photograph of mineral oil phantom  
3.5.2 Methods for HFSS simulation and HFSS data processing 
A cylindrical shaped phantom with properties of mineral oil as mentioned in Table 3.3  was 
designed in HFSS and then loaded inside the resonator to mimic the experimental set up as 
shown in Figure 3.5. The simulation set up was linearly excited with a 70 W input power to 
seek B1 field distribution inside the volume of the resonator. Once the B1 field distribution 




fields calculator,  exported to MATLAB and further processed to extract B1 field maps as 
shown in Figure 3.6.(b). A similar type of normalization as mentioned in Section 3.5.1 was 
used to process B1 field maps from HFSS to facilitate their comparison with the MRI B1 field 
maps. 
3.5.3 Methods for resonance measurement 
The resonant frequency was measured using an Agilent technologies E-507IC VNA (Vector 
Network Analyzer) available at communications laboratory (room 4002 ATAC building in 
Lakehead University). Before beginning the measurements, the VNA was calibrated using the 
open, closed and 50 ohm loads. To measure the resonance at the frequency, the S-parameter 
option (S11) from the format tab of VNA was selected. The center frequency of the VNA was 
set to 128 MHz with a 8 MHz span. A similar type of S-parameter extraction was done from 
HFSS simulations by setting up a frequency sweep from 124 MHz to 132 MHz while the center 
frequency was kept the same as solution frequency i.e. 127.74 MHz. The S-parameters 
obtained from experiment and HFSS were exported and saved to touchstone format (s1p files) 
and plotted in QUCS, the results of which are shown in Figure 3.7 (a). The input impedance 
results from experiment and simulation are shown in Figure  3.7 (b). 
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Figure 3.5: Illustration of placement of mineral oil phantom inside birdcage resonator in HFSS 
The sequence parameters used to obtain the B1 field map are presented in Table 3.4. 
Terminologies used in Table 3.4 are as defined below:  
FOV (Field of View) is defined as the size of the two or three dimensional spatial encoding 
area of the MR image. Units: mm2. 
TR (Repetition time) is defined as the amount of time that exists between successive pulse 
sequences applied to the same slice. Units: milliseconds. 
TE (Echo time) represents the time in between the application of the RF pulse and the peak of 











Table 3.4:- Sequence parameters used to obtain B1 field maps 
Sequence Method  View FOV(mm2) TR/TE(ms) Resolution Slice 
thickness(mm) 





Transverse 350*350 1036.27/3.41 128*128 5 
 
3.5.4 Results 
Normalized B1 field maps obtained from MRI and HFSS are presented in Figure 3.6 while 
graphical representation of B1 field data is shown in Figure 3.6. It is observed from Figures 
3.6.(a) and 3.6.(b) that B1 field behaviors from MRI and HFSS are similar. The probable 
reasons for the variations are mentioned in Section 3.5.5. Graphical representation of B1 field 
data in Figure 3.7 (a) represents normalized B1 field values on the vertical axis almost passing 
through the center of the phantom while Figure 3.7 (b) represents normalized B1 field values 
on the horizontal axis almost passing through the center of the phantom. These axes were 
chosen to plot B1 field data in order to evaluate the same in the center region of the coil, where 
the small animal is generally placed for an MRI. Figure 3.8 (a) shows that the loaded resonator 
constructed for MRI and designed in HFSS resonates around the desired Larmor frequency of 
127.74 MHz which can be compared, but the input impedance values are not expected to be 
the same as per reasons mentioned in Section 3.3. It should be noted that S22 was just the name 
given to the port in QUCS for experimental data, there is only single port excitation associated 
with the resonator and the name S22 should not be related to S-parameters of any other port. 
A circular region with 40 mm diameter was chosen at the center of the resonator for 
quantitative inhomogeneity study. The average normalized B1 from MRI and HFSS 
throughout this region was computed to be 0.5299 with a standard deviation of 0.077. 





















Figure 3.8 (a): S11 response with mineral oil phantom, simulated (blue) and experimental (red) 
 






Figures 3.6 (a) and (b) show that HFSS generated B1 maps have a better homogeneity than the 
ones generated by MRI. Poor homogeneity and difference in MRI B1 maps in comparison to 
HFSS B1 maps can be attributed to construction defects such as rungs not being exactly parallel 
to each other and one of the rungs soldered in the middle as shown in Figure 3.2. Other factors 
for B1 field variation often seen in magnetic resonance images can be caused by in-
homogeneous RF excitation [32], non-uniform reception coil sensitivity, eddy currents driven 
by field gradients [32] and  the electrodynamic interactions with the phantom often described 
as RF penetration and standing-wave effects [32]. While this is not the case with HFSS wherein 
the RF excitation was homogeneous while reception of RF signal could not be modeled. B1 
field data from Figure 3.7 on the vertical and horizontal axis suggested that B1 field generated 
by the resonator is mostly homogeneous at the center but varies towards the periphery of the 
resonator because of the presence of rungs. Figure 3.6 (a) suggests that on the vertical axis the 
normalized B1 field starts with a higher value at the bottom and decreases with an increase in 
distance at center as shown in Figure 3.7 (a). The simulation time for this case in HFSS was 







                                                                                                        
                                             





3.6 Saline phantom 
3.6.1 Methods for MRI acquisition and MR image processing   
A handmade saline phantom was used for MRI (shown in Figure 3.9 and detailed  in Table 
3.5). In this case the diameter of the cylindrical bottle is almost equal to that of the resonator 
and hence the saline phantom fits the resonator better than the mineral oil phantom. The saline 
phantom was used to understand the B1 field behavior in practical MRI scenarios, as  salt and 
water are major components of human tissues [33].  Another purpose was to compare the B1 
field distribution inside saline with that of mineral oil. In this case the phantom completely 
occupied the resonator volume and the port was located on the positive end of the X-axis as 
shown in Figure 3.10. A cylindrical shaped phantom with material properties of saline was 
designed in HFSS and loaded inside the resonator in order to mimic the experimental set up as 
shown in Figure 3.10. The geometric and material properties of glass were not added to the 
phantom. Apart from these the other methods relating to HFSS simulations and resonance 
measurement are almost the same as mentioned in Section 3.5. 
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Figure 3.10 Illustration of resonator model loaded with saline phantom designed in HFSS 
3.6.2 Results 
Normalized B1 field maps obtained from MRI and HFSS are presented in Figure 3.11 while 
graphical representation of B1 field data is shown in Figure 3.12. It is observed from Figures 
3.11(a) and 3.11(b) that B1 field behavior from MRI and HFSS is similar to a certain extent. 
Figure 3.12 (a) represent  normalized B1 field values on the vertical axis almost passing 
through the center of the resonator which is also the center of phantom in this case. Similarly, 
Figure 3.12 (b) represents normalized B1 field values on the horizontal axis. These axes were 
chosen to plot B1 field data in order to evaluate the same in the center region of the coil, where 
the small animal is generally placed for an MRI. Figure 3.13 (a) shows that the loaded resonator 
constructed for MRI and designed in HFSS resonates around the desired Larmor frequency of 
127.74 MHz which can be compared, but the input impedance values are not expected to be 
the same as per reasons mentioned in Section 3.3. It should be noted that S22 was just the name 
given to the port in QUCS for experimental data, there is only single port excitation associated 
with the resonator and the name S22 should not be related as S-parameters of any other port. 
A circular region with 40 mm diameter was chosen at the center of the resonator for 




throughout this region was computed to be 0.2995 with a standard deviation of 0.057. 
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Figure 3.13 (a) : S11 response with saline phantom, simulated (blue) and experimental (red) 
 






Figures 3.13 (a) and (b) show that the B1 field homogeneity decreases when compared to the 
mineral oil case. This is also evident from Figures 3.11 (a) and (b). The dark blue rim in Figure 
3.14 (a) may be a susceptibility artifact because it arises with the introduction of saline, which 
in concentration can cause changes in the local B1 field. This artifact could also be due to 
motion effects [33], meaning movement of the saline solution and the conducting ions inside 
it. One of the reasons for difference in B1 fields could be exclusion of geometric and material 
properties of glass. Other reasons for differences in MRI and HFSS generated B1 maps remain 
the same as discussed in Section 3.5. The difference in  Z[1,1] value as compared to QUCS 
may be due to presence of phantom that absorbs most of the power transmitted by the resonator. 
The simulation time for this case in HFSS was approximately 5 hours and 55 minutes. 
3.7  Complex non-symmetric phantom 
3.7.1 Methods for MRI acquisition and MR image processing 
A complex non-symmetric phantom was designed by inserting a mineral oil filled glass test 
tube (capped with a rubber stopper) inside the cylindrical saline bottle to mimic the 
experimental set up shown in Figure 3.15. The saline phantom remained the same as mentioned 
in Section 3.6. The details of the mineral oil phantom are mentioned in Table 3.8. The test tube 
is maintained at a slanting position during experiment and its cross sectional position is 
modeled in HFSS as shown in Figure 3.15. The complex non-symmetric phantom was utilized 
to challenge the HFSS simulation by increasing the level of complexity, and hence to validate 
if  FEM based EM field mapping can be used to predict B1 fields inside the birdcage resonator. 
The MRI B1 map was rotated by 20 degrees to determine B1 field through the mineral oil test 
tube, so that the vertical slice is taken across it and the results of the same are presented in 
Appendix A.3. Apart from these, the other methods relating to HFSS simulations and 
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Figure 3.15 : Illustration of the complex non-symmetric phantom constructed in HFSS 
3.7.2 Results 
Normalized B1 field maps obtained from MRI and HFSS are presented in Figure 3.16 while 
graphical representation of  B1 field data is shown in Figure 3.17. It is observed from Figures 
3.16 (a) and 3.16 (b) that B1 field behavior from MRI and HFSS is similar. Figure 3.17 (a) 
represents normalized B1 field values on the vertical axis almost passing through the center of 
the resonator which is also the center of phantom in this case. Similarly, Figure 3.17 (b) 
represents normalized B1 field values on the horizontal axis. These axes were chosen to plot 
B1 field data in order to evaluate the same in the center region of the coil, where the small 
animal is generally placed for an MRI. Figure 3.18 (a) shows that the loaded resonator 
constructed for MRI and designed in HFSS resonates around the desired Larmor frequency of 
127.74 MHz which can be compared, but the input impedance values are not expected to be 
the same as per reasons mentioned in Section 3.3. It should be noted that S22 was just the name 
given to the port in QUCS for experimental data, there is only single port excitation associated 
with the resonator and the name S22 should not be related as S-parameters of any other port. 
A circular region with 40 mm diameter was chosen at the center of the resonator for 




this region was computed to be 0.5767 with a standard deviation of 0.057; therefore, the 
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Figure 3.18 (a) : S11 response with complex non-symmetric phantom, simulated (blue) and experimental (red) 
 





3.7.3 Discussion  
It can be observed from Figures 3.16 and 3.17 that B1 field homogeneity is better in this case 
when compared to the above two cases of saline and mineral oil phantoms. It is not possible to 
view the presence of mineral oil test tube in Figure 3.16 (b) due to surface and volume overlap 
limitations in HFSS. Other reasons for differences in MRI and HFSS generated B1 maps 
remain the same as discussed in Section 3.5. The simulation time for this case in HFSS 
considering a completely healed model was approximately 6 hours and 25 minutes. 
3.8 Effect of tuning capacitors 
Although birdcage resonators are experimentally constructed by iteratively adjusting 
capacitances to achieve a desired resonant frequency experimentally, the same can be 
performed in HFSS. Hence  simulations were performed in HFSS for the high pass resonator 
loaded with the same saline phantom for two more commercially available capacitor values in 
addition to 43 pF  to observe the effect of tuning capacitors. The design in HFSS was solved 
for 47,43 and 39 pF, respectively, to check the tuning, and the results are presented in Table 
3.7. The lumped RLC parameter entry in HFSS was used to include the effect of these 
capacitance values for simulations. The simulations were executed with a frequency sweep of 
110 MHz to 150 MHz (step size = 0.01 MHz) with a sparse mesh and lower order basis function 
to conserve computing resources and simulation time, noting the large frequency range. Hence 
the results presented in Table 3.7 are fairly generalized and may not apply exactly to practical 
scenarios for tuning loaded birdcage resonators. It was observed from HFSS simulations that 
the tuning capacitor value was inversely proportional to the resonance frequency. Simulations 
suggested that for every pF increase in capacitance the resonance frequency decreased by 
approximately 3 MHz for the resonator designed and simulated in HFSS. 
Table 3.7:- Shift in resonance frequency for different capacitor values 
Tuning capacitance (pF) Resonance frequency(MHz) S11(dB) 
39 139.74 -19.001 
43 127.74 -18.012 





EM simulation of half birdcage resonator 
4.1 Introduction 
In this chapter, detailed analysis using the 3D full wave EM simulation of FEM models 
developed in HFSS of half birdcage resonator is presented. The motivation for this work comes 
from the fact that full birdcage resonators cannot be positioned in some complex scenarios 
such as MRI guided high intensity focused ultrasound (HIFU) platforms since they have water 
underneath the platform which might come in contact with the copper strips. It should be noted 
that if a birdcage resonator is bisected in a plane which contains the axis of cylindrical 
symmetry, the resonant modes of the resulting half-birdcage continue to exhibit a standing 
wave behavior, although now of integral half-wavelengths [21]. The half birdcage resonator 
presented in Figure 4.1 was designed and constructed by Ms. Kaci Carter (summer student at 
TBRRI). The construction and tuning procedures of this resonator are similar to the ones 
mentioned for the full birdcage resonator. Dimensions of the resonator were carefully designed 
for an optimized filling factor and suitability for small animal  imaging experiments keeping 
in mind the small animal bed and the HIFU platform. In Section 4.2 of this chapter, these 
models are explained with respect to aspects of FEM like geometry, boundary conditions etc. 
Then, the EM analyses which is made using the FEM models of half birdcage resonators are 
discussed in subsequent sections. These are frequency domain analysis which are basically the 
B1 field solutions inside the half birdcage resonator for a given geometry, solution frequency 
and capacitance value using FEM. 
4.2 Design methodology and simulation set up in HFSS 
In this section, half birdcage resonator (structure) developed in HFSS is discussed. We first 
start with the geometry of the structure. The procedure of modeling the high pass half birdcage 
resonator in HFSS is analogous to the procedure followed to practically build the half birdcage 
resonator. The starting point is to set up the design grid in HFSS, in which we first draw a 




longitudinal axis into two equal halves and further discard one of those. Then the end rings 
were constructed in such a way so as to accommodate the equal valued capacitors on the top 
and bottom end rings of this resonator. The picture of the half birdcage resonator is shown in 
Figure 4.1. The geometry along with a cylindrical saline phantom placed inside the resonator 
in HFSS is as shown in Figure 4.2. It should be noted that the numbers mentioned in Figure 
4.2 are the rung positions. 
A 7-rungs half birdcage resonator was designed in HFSS by placing copper strips onto the 
surface of a machined acrylic tube. Total of six gaps were made on each end-ring to 
accommodate the tuning capacitors, thus forming a high-pass half birdcage resonator structure. 
The capacitors were used to tune the half birdcage resonator for the desired Larmor frequency 
and hence commonly called tuning capacitors. The capacitor values were chosen based on 
tuning the half birdcage resonator to 127.74 MHz which is the Larmor frequency in 
consideration. The tuning procedure is one of the critical procedure followed to design the half 
birdcage resonator and is the same as that of the full birdcage resonator. Once the capacitor 
values are computed, the full birdcage resonator can be divided into two half birdcage 
resonators at the zero current position in order to maintain the co-sinusoidal current distribution 
[21]. The procedure followed for the simulation set up of the half birdcage resonator in HFSS 
is the same as the one followed for the full birdcage resonator and mentioned in Section 3.3. 
The RF power fed to the half birdcage resonator was 70 W in HFSS in order to maintain 
consistency with full birdcage simulations. A frequency sweep was defined in HFSS for the 





Figure 4.1: Photograph of the half birdcage resonator (top view) 
 
 





Table 4.1: Geometric and simulation details of 7 – rung high pass half birdcage resonator 
 
Table 4.2: Details of the materials used in EM simulation  








Acrylic tube 3.4 1 0 
Rings & Rungs Copper tape 1 1 5.8e7 
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4.3 Results  
Once the design was solved for resonance and B1 field distribution, the B1 field data were 
exported to Matlab, which was further normalized to maintain consistency with full birdcage 
B1 maps. The normalized B1 field map generated by the half birdcage resonator inside its 
volume is presented in Figure 4.3 and its equivalent graphical data are presented in Figure 4.4. 
The horizontal and vertical axes were chosen in such a way that they pass through the center 
of the resonator, where the small animal will be placed for MRI. Figure 4.5 displays the S11 
response obtained from HFSS simulations, which shows that the half birdcage resonator 
designed in HFSS resonates at the desired Larmor frequency of 127.74 MHz. The input 






























approximate 50 ohm impedance which suggests that the designed resonator is matched enough 
to connect it to a MRI scanner for small animal experiments. Impedance matching is necessary 
in order to minimize power reflection for any RF device. A circular region with 40 mm 
diameter was chosen at the center of the resonator for quantitative homogeneity study in order 
to maintain consistency with full birdcage simulations. The average normalized B1 throughout 
this region was computed to be 0.1999 with a standard deviation of 0.025. Therefore the 
variation of the B1 field strength in this region of resonator is about 13%.  
 










             Figure 4.5 Simulated S11 results for half birdcage resonator loaded with saline phantom 
 




4.4 Discussion  
In this chapter the efficiency and performance of half birdcage resonator are evaluated using 
saline phantom in HFSS. It can be observed from Figure 4.3 that the half birdcage resonator 
discussed in this chapter is able to generate a fairly homogeneous B1 field inside its volume, 
especially near the central region of the resonator and hence can be used for small animal MRI. 
It can be concluded that the half birdcage geometry may provide an alternative to the 
conventional full birdcage geometry for imaging anatomical regions where use of a full 
birdcage is difficult due to geometric and positional constraints. For further improvements and 
future work, geometry of the half birdcage resonator can be optimized by simulating the B1 
maps in HFSS, which may be then validated experimentally with the help of MRI B1 maps as 
done for the full birdcage resonators. Optimizations can allow resonator designers to determine 
the best design, giving the most homogeneous B1 field in the ROI. As far as boundary 
conditions are concerned, it should be noted that they are different from the full birdcage case 
as the presence of air underneath the half birdcage resonator will be one of the reasons for 
different B1 field distributions between full and half birdcage cases. The simulation time for 















Conclusion and future work 
5.1 Conclusion 
A detailed pre-construction simulation procedure was developed to validate the design and 
performance of high pass, birdcage and half birdcage resonators taking into consideration the 
B1 field homogeneity. This procedure was developed for hydrogen nuclei under the primary 
magnetic field of 3T. The B1 field distribution inside the volume of these resonators is 
quantitatively evaluated. Experimental and simulation results have thus far shown reasonable 
agreement in the ROI. The resonator can be tuned to desired Larmor frequency using the 
simulation environment similar to the procedure followed in practical scenarios. The following 
conclusions also resulted from this work: 
First, while all the simulations run in manageable time, it is clear that if automated optimization 
of the resonator is required, then the empty resonator or resonator with an ideally homogeneous 
load would be more suitable to map the B1 field distribution inside the resonator volume in 
order to get an initial idea of the B1 field distribution. An alternative option to this can be to 
simulate loaded birdcage resonators in HFSS with the high performance computing (HPC) 
license of HFSS by running the simulations on multiple central processing units (CPU’s) if 
heterogeneous loading needs to be investigated. Utilizing the HPC license can help in time 
saving.  
Next, exploring 3D full wave FEM based EM simulations can be a useful approach to predict 
B1 field distributions inside birdcage resonators in terms of saving the valuable resources of 
time and money by avoiding tedious trial and error techniques employed to tune birdcage 
resonators to corresponding Larmor frequencies. 
Third, since experimental results compare reasonably well with simulation results, FEM based 
EM simulations may have a reasonable predictive ability to predict EM field distributions 




Fourth, increasing the number of finite elements along with the order of basis functions can 
deliver more promising results from HFSS as shown in Figure A.2, but this would be at the 
cost of time and memory. 
Finally, it can be concluded that out of all the three cases studied in Chapter 3, B1 field inside 
the complex non-symmetric phantom has the least variation. 
5.2 Future work and potential improvements 
The areas of future work identified are as follows: 
1. To perform MRI with half birdcage resonator loaded with saline phantom and validate 
their B1 field maps with the B1 field maps generated in HFSS. 
2. To further improve the homogeneity of the birdcage resonators an RF shielding can be 
designed and simulated in HFSS and then the results of the B1 field distribution can be 
compared in a similar manner as done in this work, by physically constructing RF 
shielding around the full and half birdcage resonators. 
3. To perform MRI experiments and 3D full wave EM simulations in HFSS for quadrature 
birdcage resonator designs, meaning birdcage resonators fed with two input ports 
which are 90 degrees apart electrically. 
4. To extend this work to higher frequencies like 171 MHz, 256 MHz etc. as work is 
actively being carried on birdcage coils to be employed in ultra-high magnetic fields 
such as 14.1 Tesla [12].  
5. To analyze specific absorption rate (SAR) inside loaded birdcage resonators from 
HFSS simulations. SAR  is defined as the RF power absorbed per unit of mass of an 










comparable results similar to the ones presented in this work, but will also amount to 
computationally intensive resources. 
                                         
(a)                                                                                (b) 
Figure A.2: (a) B1 field map corresponding to Figure A.1.(a), (b) B1 field map corresponding to Figure A.2.(b) 
A.2 Results of HFSS thermal simulation 
 
Figure A.3: Temperature profile of the 8 rung high pass birdcage resonator  
It can be observed from Figure A.2 that there is no significant temperature rise after the RF 
input power of 70 W was applied to the resonator in HFSS. The maximum temperature 

























A.3 MRI B1 field results for complex non-symmetric phantom  
The purpose of this section is to present the B1 field behavior for the complex non symmetric 
phantom case for a slice taken through the mineral oil test tube. It is evident from Figure A.3 
(a) and (b) that majority of the glass periphery shows high field behavior. This may be due to 
the material interface. 
 
Figure A.4. (a): 20 degrees rotated MRI B1 map with complex non-symmetric phantom  
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